Abstract The molecular mechanisms underlying cognitive decline during healthy aging remain largely unknown. Utilizing aged wild-type C57BL/6 mice as a model for normal aging, we tested the hypothesis that cognitive performance, memory, and learning as assessed in established behavioral testing paradigms are correlated with the differential expression of isoforms of the Homer family of synaptic scaffolding proteins. Here we describe a loss of cognitive and motor function that occurs when Homer-1a/Vesl-1S protein levels drop during aging. Our data describe a novel mechanism of age-related synaptic changes contributing to loss of biological function, spatial learning, and memory formation as well as motor coordination, with the dominant negative uncoupler of synaptic protein clustering, Homer-1a/Vesl-1S, as a potential target for the prophylaxis and treatment of age-related cognitive decline.
Introduction
Slow, progressive impairments of cognitive and motor function are typically associated with aging, even in the absence of diagnosable neurodegenerative conditions, such as dementia, Alzheimer's, or Parkinson's disease (Erickson and Barnes 2003; Mufson et al. 2012) . Progressive accumulation of changes in the synaptic structure and function at the molecular level, ultimately leading to the loss of biological function, is generally considered the underlying etiology (Hayflick 2007) ; however, the exact molecular and cellular mechanisms are only poorly understood.
Scaffolding proteins play a critical role in maintaining synaptic integrity by organizing synaptic proteins (Aarts et al. 2003; Hayashi et al. 2009; Haucke et al. 2011) . Vesl/Homer proteins are a group of scaffolding proteins that facilitate the effective conversion of extracellular into intracellular signals at excitatory synapses by clustering and organizing signaling proteins at synaptic sites. The Homer-1 gene is alternatively spliced into four known isoforms. The short isoform Vesl-1S/ Homer-1a is an immediate early gene product that is rapidly and transiently induced by high synaptic activity, including during seizures and long-term potentiation (Brakeman et al. 1997; Kato et al. 1998; Duncan et al. 2005) , while the long Homer-1 isoforms are typically expressed constitutively (Duncan et al. 2005) .
Homer proteins possess an Ena/vasodilator-stimulated phosphoprotein homology-1 domain through which Homer binds to its interaction partners ). The long Homer isoforms also have a C-terminal coiled-coil (CC) domain, which mediates the multimerization among Homer monomers resulting in the regulation of protein function ). The CC domain is absent in the Homer-1a isoform suggesting that this isoform, which is therefore incapable of multimerization, has the potential to act as a dominant negative regulator. In fact, Homer-1a competes with the long isoforms for binding sites on Homer-1 ligands, thereby providing a stimulus-dependent mechanism using the molecular determinants of Vesl/Homer proteins to regulate intracellular signaling pathways (Duncan et al. 2005) .
Changes in Vesl-1L/Homer-1c have been associated with aging and injury. Specifically, we have previously described loss of Vesl-1L/Homer-1c as biomarker for synaptic changes after injury in the retina (Kaja et al. 2003) , and experimental down-regulation of Homer1b/c has been shown to attenuate glutamate-mediated toxicity in cortical neurons in vitro (Chen et al. 2012) .
It is well-established that the neurobiology of memory and learning changes during aging (Erickson and Barnes 2003) . The changes are a progressive, albeit slow decline in cognitive and motor function and also occur in the absence of diagnosable neurodegenerative conditions (Mufson et al. 2012) . In studies of human aging, correlating cognitive function with postmortem brain pathology is one of the few approaches available; however, genetic differences between individuals, lack of standardized testing and the availability of postmortem tissue greatly diminish the feasibility of this approach. In contrast, rodent models offer a battery of reliable behavioral tests for cognitive and psychomotor function (Collier and Coleman 1991; Nguyen 2006 ). This approach is based on the existence of individual differences in the degree of functional impairment among relatively old mice that are chronologically of the same age Forster et al. 1996; Sumien et al. 2004; McDonald and Forster 2005) , despite a shared genetic background (Nguyen 2006; Brayton et al. 2012) . This is generally thought to result from the accumulation of changes in synaptic structure and function at the molecular level, ultimately leading to the loss of biological function (Hayflick 2007) . As such, individual differences reflect the differential progression of underlying age-related brain changes in individuals and have been used extensively as a tool for identifying the specific anatomical, cellular, and molecular substrates involved in age-related cognitive decline (Rapp and Amaral 1992; Baxter and Gallagher 1996; Ingram 1996; Gallagher and Rapp 1997; Calhoun et al. 1998; Nicholson et al. 2004) .
In the present study, we chose 6-and 24-month-old C57BL/6 mice, a widely used model of normal aging (Brayton et al. 2012) , and describe a highly significantly correlation of forebrain Homer-1a expression with deficits in spatial learning and memory formation as well as in motor coordination. Our data describe a novel mechanism of age-related synaptic changes contributing to loss of biological function and identify Homer-1a as a potential target for the prophylaxis and treatment of age-related cognitive decline.
Methods

Animals
All animal experiments were approved by the local Institutional Animal Care and Use Committee. Ten young (6 months) and ten old (24 months) male C57BL/6J mice were obtained from the National Institute on Aging and subsequently maintained individually in the institutional vivarium at ambient temperature (23± 1°C), under a 12-h light/dark cycle starting at 0600 hours. Mice had ad libitum access to food and water except during the testing sessions.
Behavioral assays
Spatial learning and memory. Spatial learning and memory were measured using a swim maze test as described previously (Sumien et al. 2006) . Mice were allowed to swim in a steel tank (110 cm diameter, 60 cm deep), filled with opaque water, maintained at 24± 1°C. A hidden submersed platform (1.5 cm below the surface) was provided as an escape. A computerized tracking system (Anymaze, Stoelting Inc., Chicago, IL, USA) recorded the path taken and the swimming speed of the animal. During the pretraining phase, mice learned the motor components of swimming and climbing onto the platform, without learning its location in the tank. Subsequently, mice were tested for their ability to learn the location of the platform during four acquisition sessions. Each session consisted of five trials during which the mouse had to swim to the platform from a different starting point in the tank. Performance in the swim maze test was used to determine the Learning Index, which we defined as the relative improvement between the first and the last session, normalized to average performance of young animals using path length as quantitative measure.
Bridge walking. Each mouse was tested for the latency (seconds) to fall after being placed on one of four bridges (2 cm square, 2 cm round, 1 cm square, 1 cm round), mounted 45 cm above a padded surface. The four bridges differed in their diameter (small vs. large) and shape (round or square), thus providing four levels of difficulty. The maximal latency to fall was set at 60 s. Each bridge was presented three times and the mean latency to fall was used as measure of performance for each bridge.
Antibodies
The following previously validated primary antibodies were used: goat anti-Homer-1a (1:100; sc-8922) (Giuffrida et al. 2005) , rabbit anti-Homer-1b/c (1:100; sc-20807) (Ghasemzadeh et al. 2009 ), and rabbit anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:5,000; sc-25778), all from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Secondary antibodies were horseradish peroxidase (HRP)-linked donkey-anti rabbit IgG-HRP (1:10,000; NA9340, GE Healthcare, Piscataway, NJ, USA) and donkey anti-goat IgG-HRP (1:5,000; sc-2020, Santa Cruz Biotechnology).
Quantitative immunoblotting
Animals were euthanized using carbon dioxide asphyxiation. Brains were dissected into forebrain, olfactory bulb, and cerebellum and snap frozen in liquid nitrogen. The protein concentration was determined according to the method of Lowry et al. (1951) . Twenty-five micrograms of total protein were separated electrophoretically and transferred to nitrocellulose membranes (0.22 μm; Pall Corp., Port Washington, NY, USA), as described previously ). Membranes were imaged on a G-Box imaging station (Syngene, Oxford, UK). Quantification was performed by densitometry using ImageJ software (NIH, Bethesda, MD, USA). Density values were corrected for background and Homer-1 expression normalized for endogenous GAPDH expression.
Analysis and statistics
Data were analyzed in Prism 5.01 software (GraphPad Software Inc., La Jolla, CA, USA). Groups were compared using Student's t test. Correlation analysis was performed as described by us previously , calculating a Pearson product-moment correlation coefficient (r) to evaluate the strength of the association. Outlier analysis was performed on values of normalized Homer-1 expression using a difference of two standard deviations from the mean as the exclusion criterion. In total, one value out of 20 was excluded from the analysis.
Results
Decline in spatial learning and memory formation as well as motor coordination with age In order to quantify cognitive function, we used established surrogate testing paradigms and measures for learning. In the swim maze test, 6-month-old (young) mice showed statistically significant improved performance as assessed by path length to successfully reaching the hidden platform starting from the third session (Fig. 1a) . By the fourth session, path length had decreased by 62 % from 844±95 to 323±77 cm (P< 0.01; Fig. 1a ). In contrast, 24-month-old (aged) mice showed a similar performance as young mice during the first session (968±87 cm); however, they did not show a statistically significant improvement; the performance of aged mice (697±87 cm) during the fourth session was significantly poorer than that of the young cohort (P<0.01; Fig. 1a ). Similar differences were observed when comparing the two cohorts based on latency to reaching the hidden platform (Fig. 1b) , where aged mice required more than twice the time to reach the platform (22.3±4.7 vs. 47.2±5.9 s, respectively; P< 0.01). The difference in latency could not be attributed to differences in swim speed, which was similar between both cohorts (data not shown).
Within both groups, we observed a well-defined range of performance in learning and we next wanted to establish a standardized measure to quantify learning that would allow us to compare both young and aged animals. We defined the Learning Index as the relative improvement between the first and the last session, normalized to average performance of young animals using path length as quantitative measure. The Learning Index was 55.4±10.9 % for young mice and 21.8±12.1 % for aged mice (P<0.01; Fig. 1c) .
Similarly, motor coordination was worse in aged animals compared with the young group, when tested using the bridge walking test. Performance on all four different bridges was significantly poorer in the aged group, compared with young mice (Fig. 1d) . The average latency to fall across all bridges was defined as the index of performance. Average latency to fall was 49.7±1.1 and 32.4±1.4 s in young and aged mice, respectively (P<0.001; Fig. 1e ). In young animals (6 months of age), performance in the swim maze test as assessed by path length (a) to the hidden platform improved significantly during the initial four learning sessions. In contrast, aged animals (24 months of age) did not improve during the first four sessions, and path length was significantly different from young animals during the fourth session. Swim speed did not differ between young and aged animals (b). The Learning Index, the relative improvement between the first and the last session, normalized to average performance of young animals was significantly lower in aged animals, compared with the young (c). In the bridge walking test, aged animals had significantly shorter latencies to fall in all trials (d), and average latency to fall was 35 % lower compared with young animals (e). Data are shown as mean±SEM. Statistical significance is indicated, with *P<0.05, **P<0.01, and ***P<0.001 as compared with young animals and ¶P<0.05 and ¶ ¶ P<0.01 as compared to session #1
Homer-1a expression is decreased in the forebrain of aged mice
We next performed quantitative immunoblotting to measure the protein levels of Homer-1a and Homer-1b/c in the forebrain of the same mice 72 h after completing the behavioral assessment using GAPDH as loading control (Fig. 2a) . The delay of 72 h was chosen to exclude transient effects of behavioral testing on the Homer-1 protein levels, particularly Homer-1a. Expression of the immediate early gene product Homer-1a was reduced by 71 % in the forebrain of aged mice (P<0.001; Fig. 2b ).
In contrast, expression levels of Homer-1b/c did not differ significantly between young and aged mice. However, expression in aged mice showed a greater variability in the Homer-1b/c expression level (Fig. 2c) ; the coefficients of variance were 0.376 and 0.129 for aged and young mice, respectively. The reduction in Homer-1a protein expression resulted in a significant sixfold increase in the ratio of Homer-1b/c to Homer1a from 11.5±1.8 to 69.1±20.3 in young and aged mice, respectively (P<0.01; Fig. 2d ). As GAPDH was used as endogenous control, we confirmed that absolute levels of GAPDH expression were similar between young and aged mice. The densities quantified from 12-bit images were 15,252±821 and 14,517±1,877 for young and aged mice, respectively, and were not statistically significantly different (P00.72). Furthermore, analysis without normalization for loading resulted in similar data for Homer-1a and Homer-1b/c expression levels. In order to validate this finding, we performed quantitative immunoblotting as well as quantitative polymerase chain reaction on a separate cohort of young and aged mice (Supplemental Fig. 1 and Supplemental methods). In this smaller cohort, we identified a 48 % reduction of Homer-1a mRNA levels in the forebrain that resulted in a 57 % reduction of Homer-1a protein levels. Homer-1c mRNA levels were similar between young and aged mice. In contrast, Homer-1b/c protein levels in the forebrain were elevated in aged mice; however, this difference did not reach statistical significance.
Homer-1a levels in the forebrain directly correlate with measures of spatial memory and motor coordination Given the selective reduction in Homer-1a expression levels in aged animals, we next tested whether the Quantitative immunoblotting was performed on individual forebrain samples of young and aged animals and the levels of Homer-1a and Homer-1b/c were quantified. GAPDH served as endogenous control (a). Homer-1a expression decreased by 71 % (b). In contrast, protein levels of Homer-1b/c did not differ between young and aged animals (c). The ratio of Homer-1b/c over Homer-1a was sixfold higher in aged animals, compared with the young cohort (d). Data are shown as mean±SEM. Statistical significance is indicated as **P<0.01 and ***P< 0.001 when compared with young animals AGE (2013 AGE ( ) 35:1799 AGE ( -1808 level of Homer-1a in any given animal correlated with the animal's performance in our behavioral tasks for spatial memory and learning (Fig. 3a-c ) and motor coordination (Fig. 3d-f ). We identified a highly statistically significant positive association between expression levels of Homer-1a and the Learning Index as a correlate for spatial learning (P<0.001; Fig. 3a) . Aged animals not only showed the lowest learning indices, but also had the lowest Homer-1a expression levels. The strength of this association had a Pearson's coefficient of r00.687, corresponding to a coefficient of determination of r 2 00.472. In contrast, no association was found between the Learning Index and Homer-1b/ c levels (P00.67; Fig. 3b) . Consequently, the ratio of Homer-1b/c to Homer-1a expression had a statistically significant, negative correlation with the Learning Index (P<0.05, r00.448, r 2 00.201; Fig. 3c ). We next tested for association between Homer-1a expression levels and the average latency to fall as a correlate for motor coordination. Homer-1a showed a strong positive correlation with motor performance, evident as distinct clusters of young (green dots) and aged (red dots) animals in the correlation plot (P< 0.01, r00.603, r 2 00.364; Fig. 3d ). Homer-1b/c expression showed a trend towards a negative correlation (P00.058; Fig. 3e ), while the Homer-1b/c to Homer1a ratio had a statistically significant negative correlation with the average latency to fall (P<0.05, r00.553, r 2 00.306; Fig. 3f) . A single data point (empty circle) was excluded from the analysis based on the Fig. 3 Homer-1a levels correlate with behavioral measures for cognitive decline. Protein levels of Homer-1a correlated positively with a higher Learning Index, defined as the relative improvement between the first and the last session, normalized to average performance of young animals in the swim maze task (a). In contrast, no statistically significant association was found between Homer-1b/c expression and the Learning Index (b). The ratio of Homer-1b/c over Homer-1a was statistically significantly correlated with swim maze performance (c). When assessing associations between Homer-1 expression and performance in the bridge walking task, we found a strong positive correlation of Homer-1a with bridge walking (d), while expression levels of Homer-1b/c and the Homer-1b/c to Homer-1a ratio showed a trend towards a positive correlation with bridge walking performance (e, f). Empty circles in c and f represent the single outlier that was excluded from the association study by defining a difference of two standard deviations from the mean as the exclusion criterion mathematical outlier determination described in the "Analysis and statistics" section.
Discussion
Homer-1a prevents cognitive decline and loss of motor coordination with aging
In order to test the presence of an association between expression of synaptic proteins and correlates of spatial learning and motor coordination, we tested two cohorts of mice (6 and 24 months of age) in the swim maze and bridge walking tests, respectively. Both tests are well-established behavioral testing paradigms for the assessment of learning and motor coordination in rodents, and mice specifically (Collier and Coleman 1991) . Our results are in agreement with the findings for mice of similar age published by us and others previously (Collier and Coleman 1991; Dubey et al. 1996; Forster et al. 1996; Sumien et al. 2004 Sumien et al. , 2006 .
The cortex and hippocampus are the primary brain regions involved in spatial learning and memory and responsible for swim maze test performance of rodents Forster et al. 1996; Sumien et al. 2004 Sumien et al. , 2006 Nguyen 2006) . Similarly, cortical and cerebellar networks are critical for motor learning and motor coordination (Hatsopoulos and Suminski 2011; Lamont and Weber 2012) , as assessed in the present study by the bridge walking test. Detectable changes in synaptic proteins in the forebrain, therefore, are likely to directly impact spatial memory and learning as well as motor coordination. This hypothesis is further supported by the positive association of performance in the bridge walking task compared with the swim maze test (Supplemental Fig. 2) . Our finding of a direct correlation of Homer-1a and the ratio of Homer-1b/c to Homer-1a with learning thus directly supports a role for Homer-1a in these processes. We observed a trend towards a significant negative correlation between Homer-1b/c expression in the forebrain and bridge walking performance indicating that potentially also an increase in Homer-1b/c expression with release. This results in the homeostasis of Ca 2+ signaling and the expression of neuroprotective pathways, critical for normal CNS function, learning and memory formation as well as motor coordination. A loss of Homer-1a during aging results in increased coupling between plasma membrane G protein-coupled receptors (GPCR) and intracellular Ca 2+ channels (ICC), leading to a net increase in intracellular Ca 2+ release. This increased Ca 2+ concentration resulting in Ca 2+ toxicity and dyshomeostasis leading to the induction of neurodegenerative pathways and impairment of neuronal function age partially contributes to the increase in the ratio of Homer-1b/c to Homer-1a.
Absence of Homer-1a protein in knockout mice resulted in water maze performance deficits (Jaubert et al. 2007 ), similar to those observed in the present study in the aged group. Furthermore, Homer-1a knockout mice have been shown to be critical for long-term fear memory formation (Inoue et al. 2009 ). In contrast, mice overexpressing Homer-1a selectively and inducibly in striatal medium spiny neurons showed deficits in motor learning and performance as well as drug-induced stereotypy (Tappe and Kuner 2006) . A recent study investigated the expression levels of Homer proteins in the hippocampus during aging in Long-Evans rats (Menard and Quirion 2012) . However, while this study aimed at measuring the effect of behavioral training on immediate early gene expression, our present study aimed at investigating non-induced expression levels of members of the Homer-1 protein family. Chronically reduced levels of Homer-1a during aging, as described in the present study, are thus likely contributors to the slow, gradual decline, while the loss of the ability to induce Homer-1a gene expression after behavioral training, as described in other studies, would contribute to the acute deficits in novel memory formation.
Immediate early genes and scaffolding proteins in aging Other immediate early genes, such as c-fos (Rowe et al. 2007) , and scaffolding proteins (Goh and Park 2009; Park and Reuter-Lorenz 2009; Proctor et al. 2010) have been implicated in the pathophysiology of aging and proposed to be a key regulatory mechanism in synaptic changes associated with age-related cognitive decline (Goh and Park 2009; Park and Reuter-Lorenz 2009) . However, the involvement of Homer-1a offers a novel perspective on the mechanisms of progressive synaptic changing in aging: Homer-1a is encoded by an immediate early gene (Brakeman et al. 1997; Kato et al. 1998) , while other splice variants encoded by the same gene are constitutively expressed scaffolding and signaling proteins (Brakeman et al. 1997; Kato et al. 1998; Duncan et al. 2005; Hayashi et al. 2009 ). Mechanistically, Homer-1a is thought to compete with Homer-1b/c for the physical interaction sites of the ligands of Homer-1b/c, providing a cellular mechanism for control of synaptic activity and endogenous neuroprotection (Duncan et al. 2005) .
Virally mediated overexpression of Homer-1a in a rat seizure model attenuated seizures and protected neurons, while hippocampal-dependent memory was negatively impacted in these young animals (Klugmann et al. 2005) . It would be interesting to study the effect of Homer-1 modulation on cognition in the aging central nervous system. Our study, in contrast, focuses on the physiological expression levels of Homer-1 isoforms in wild-type mice during normal aging.
Potential for pharmacological intervention targeting Homer-1a
Mechanistically, long Homer-1 isoforms serve as important scaffolding molecules that bring synaptic proteins into proximity (Duncan et al. 2005) . For instance, coupling of inositol-1,4,5-trisphosphate receptors in the membranes of the endoplasmic reticulum and metabotropic glutamate receptors at the plasma membrane generates a structural and functional signaling domain (Tu et al. 1998; Mao et al. 2005; Menard and Quirion 2012) (Fig. 4) . Furthermore, we have previously shown that Homer-1c directly modulates the biophysical properties of ryanodine receptors and that Homer-1a reverses these effects in living cells Westhoff et al. 2003; Duncan et al. 2005) . The differential, cell typespecific expression levels and possible age-related changes of these Homer-1 binding partners will likely influence the effect of Homer-1a expression during aging. Future brain region-specific studies will help elucidate the underlying mechanism for this chronic loss of Homer-1a in the brains of cognitively impaired, aged mice. We herein describe for the first time a loss of baseline Homer-1a expression levels during aging and propose a novel cellular mechanism that in the future can be exploited pharmacologically, as supplementation of Homer-1a, Homer-1a analogues, or mimetics may prevent or delay cognitive decline in healthy aging.
